Adhesion in egg lecithin multilayer systems produced by cooling W. Harbich It seems to be a general experience that egg and other lecithins in a large excess of water form giant vesicles and that the vesicles do not stick to each other when they come in contact. The absence of mutual adhesion between lecithin membranes may surprise in view of the van der Waals attraction and adhesion energies measured by several authors [1] [2] [3] [4] . On the other hand, unstressed fluid membranes perform strong thermal undulations which are associated with a repulsive force. Theory predicts this kind of steric interaction to be possibly strong enough to overcome van der Waals attraction [5] [6] [7] .
The adhesive behaviour of egg lecithin membranes has been investigated in our group for many years, the method of observation being light microscopy. Very early it was checked that also in salt solution vesicles emerge, though very slowly at 0.5 M NaCl, and do not adhere to each other [8] . This was first evidence against separation by electrostatic repulsion which would have to originate from impurities because of the zwitterionic nature of lecithin.
Adhesion was observed later on when membranes happened to be stretched during the swelling of lecithin in water [9] [10] [11] . A rounding of the membrane in the immediate vicinity of the adhesive contact was used to compute the lateral tension. Being controlled by the (*) Present address : Bundesanstalt für Materialprüfung, Abteilung 6-2, D-1000 Berlin 45, F.R.G.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphys:0199000510100102700 membrane's bending rigidity and lateral tension, contact rounding is optically resolvable only at extremely low tensions. The contact angles made by the contact area and the asymptotic direction of the free membrane were found to be practically constant in the range of measured tensions extending from ca. 10-4 to 10-6 dyn cm-1. They were ca. 40° for symmetric adhesion, i.e. two single membranes under equal tension, and ca. 70° for adhesion of a single membrane to a bundle of several others. In another study, thin unilamellar tubes with radii of 1 um or less were seen to adhere to the glass slides of the sample cell and there to themselves while wider tubes did neither [12] . All these instances of induced adhesion may be regarded as indirect evidence for the decisive role of steric interaction in membrane separation. They show van der Waals attraction to dominate whenever lateral tension or geometric constraints reduce the amplitude of the fluctuations.
In work basic to the present one, we studied the orderly swelling of slightly hydrated egg lecithin in contact with excess water [13, 14] . Orderly swelling takes place if the lecithin spans the thickness of the sample cell (which should not exceed 40 ktm) and the membranes are aligned mostly parallel to the slides, forming a well but not perfectly ordered planar phase with a semicylindrical border to the water. It starts with the formation of myelin cylinders and water channels reaching from top to buttom of the cell which, in effect, increase the length of the border. We measured over days or weeks the gradual increase of mean membrane spacing, covering the range of 1 to 15 nm in the planar phase. There were no signs in our samples of an equilibrium spacing, located by others in egg-lecithin multilayer systems at 2.75 nm [1, 2] , or of a phase separation. For the maximum mean spacing we could estimate the pressure between bilayers in the planar phase, using the bending rigidity of the bilayers and the radius of very thin tubes protruding from the semicylindrical border into the free water. The pressure conformed with the predicted strength of the undulation forces within experimental and theoretical uncertainties. We inferred from the result that electrostatic forces, even if they would have been predominant at 15 nm, were certainly negligible near 3 nm. Like vesicle formation in salt solution the experiments suggest that stacked egg lecithin membranes can be driven apart by steric interaction alone.
It is agreed today that undulations play a significant role in the interplay of forces between fluid membranes [6, 15, 16] . Undulation forces have been measured and found to be of the predicted strength in multilayer systems of very flexible membranes where they clearly dominate [17, 18] . Whether unstressed lecithin membranes adhere to or separate from each other is still considered a controversial issue. It is therefore of interest to investigate the interaction of these membranes by novel experimental techniques.
In the following we report on adhesion induced by lateral tension in multilayer systems of known mean membrane spacing. The tension was produced by cooling the egg lecithin samples after orderly swelling at elevated temperatures. Adhesion was inferred from a separation of the multilayer system into domains of higher and lower lecithin density. This « phase separation », as it will be called for short, was seen almost exclusively in the semicylinders and cylinders where the mean membrane spacing is larger than in the planar phase. Unless the lecithin density was extremely high, single membranes became visible after some cooling, making contact angles again of ca. 70° with extended domains of adhesion.
Lateral tensions between 4 x 10-5 and 2 x 10-3 dyn cm-1 1 were obtained from contact roundings and other estimates. They seemed to saturate quickly with decreasing temperature, approaching but not exceeding the strength needed to induce adhesion in the planar phase.
The data are compatible with an inverse square relationship, a -1 /z2eq, between the lateral tension or and the equilibrium mean spacing zeq of the membranes in domains of adhesion.
To interpret the data we propose a model for the restructuring of the multilayer system during cooling. It predicts a self-limitation of the lateral tension, in agreement with experiment, and permits an estimate of intermembrane repulsion in the absence of tension which conforms with the theoretical strength of undulation forces. The scaling law o-~ 1/Zeq is showri to be part of a simplified model of induced adhesion which also predicts ga '-U, ga being the adhesion energy, and constant contact angles. The validity of the scaling law seems to confirm that the steric interaction is due to undulations. However, the tensions associated with the equilibrium spacings of adhesion are smaller by a factor of at least 100 than appears permissible theoretically. A similar and probably related contradiction was inferred previously from the largeness of the contact angles of induced adhesion [11] and will be discussed again. Now as then, it appears necessary to postulate an optically unresolved roughness of the membranes which absorbs much more area than do the undulations and possibly enhances steric interaction.
Experimental.
The samples were prepared as previously [13, 14] . Pure 20 vol. % in the planar phase.
The lecithin density was evaluated on the basis of a few representative measurements of its evolution. The method, previously used at room temperature [13, 14] , and now at 55 ° C, utilizes the fluorescence of egg lecithin by measuring its intensity emanating from a region of the planar phase. Since surroundings. Since the bright lines in the middle of the cylinders represent water cores [13, 14] , the stripes may be regarded as domains of low lecithin density. Changing the focus, we had the impression that they were ribbons of some width in the direction of viewing. Their surroundings look as before cooling, including the fluctuations. A possible arrangement of the bilayers in and outside a stripe is sketched in figure 4 . As a cylinder comprises about 1 000 bilayers, the few dark strokes subdividing the bright stripes cannot be single membranes. figure 7 some of them seem to be single bilayers since they have the same minimal strength. Also, they make contact angles of 70° with the dense domains as is typical of single egg lecithin membranes adhering to stacks, i.e. bundles of ten or more bilayers [11] . Being in equilibrium with single membranes, the dense domains of the multilayer system must be subjected to adhesion. 
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Many of the lines in figure 7 display a contact rounding where they merge with a dark area. Although barely resolved, the rounding will be used below to evaluate the lateral tension. Figure 7 also exhibits structural changes in the planar phase which started to be visible at 30 figure 8 , while figure 9 displays the same section after lowering the temperature to 45 ° C. After cooling, the border has lost its uniform appearance and clearly increased its width. One sees bundles of membranes traversing water-rich domains or water pockets and merging with each other or with broad domains of adhesion. Many of the bundles seem to be bent where they merge, but it is hardly possible to quantify the curvatures. Fluctuations appeared strong before and after cooling. The experiment was not continued to lower temperatures. The sample shown in figure 10 was only 12-14 um (2) has been plotted elsewhere [ 11 ] . It is practically an exponential for ~ 30° , but turns more sharply into the direction of the contact area at larger angles.
Equations (2) The minimum equilibrium spacing of induced adhesion as observed in our experiments is 3 nm. We may infer that the membrane separation in egg lecithin multilayer systems would collapse from infinity, i.e. from the dissociated state to 3 nm or less if the membranes were flat rather than fluctuating. The obvious conclusion that electrostatic repulsion has been insignificant in our samples can be drawn with confidence only when we discuss forces and their dependences on membrane spacing. Beforehand, we propose a model to explain how the lateral tension comes about and why it levels off when cooling continuous after the appearance of induced adhesion.
RESTRUCTURING OF MULTILAYER SYSTEMS AND SELF-LIMITATION OF LATERAL TEN-
SIONS. -Lecithin membranes shrink in area when the temperature is lowered. This would lead to very large lateral tensions if the system retained its structure. An estimate of those theoretical tensions may be based on the thermal area expansity a = 2.4 x 10-31°C and the stretching elastic modulus K = 140 dyn cm-1, both measured by Kwok and Evans [25] . for egg lecithin bilayers. Neglecting a thermal change of membrane thickness and the bulk expansivities of water (1.3 x 10-4/OC) and egg lecithin (probably also much less than a [26] ), one has for the tension produced by cooling the simple expression Inserting the above numbers and Ar==-10"C for the change in temperature yields 3.4 dyn cm-1 which is several orders of magnitude above the actual tensions and at the limit of membrane rupture [25] (5) . However, the free membrane is likely to form the characteristic contact angle 03C8 ( = 70° for egg lecithin) where it hits the stack of outer membranes, which is assumed to be like the planar phase. It follows that the radius of cylindrical curvature should be r/cos 03C8 instead of 1 /r. In compensation of has to satisfy instead of (5) . Because of (3), however, the tension (Tb of the membrane where it is bound should be independent of cos gi and, like o, in (5) , obey Since the contour length over which a membrane stays single is so small, usually less than the sample thickness, the curvature of the free membrane need not be cylindrical. This might explain the outward bulging of single membranes mentioned above. Spherical instead of cylindrical curvature would lower the tension (7) by half. We disregard the effect of bulging as these curvatures are difficult to determine and do not seem to exceed cos t/J Ir. We also refrain from discussing the adjustment Ai of the mean spacing in the curved regions of adhesion which will differ from that in the planar phase because of a different balance of forces.
Our model of restructuring predicts, to first order, the justments of the mean spacings in the planar phase and thus the lateral tensions to b proportional to the decrease of temperature. However, the initially linear rise will level off when the tensions become large enough to reduce the steric repulsion between membranes. The tensions cannot surpass the value at which the intermembrane force vanishes for the mean spacing in the planar phase. To be more precise, they can reach this point only asymptotically because it is the repulsive net force that causes the tensions. The self-limitation of the lateral tension agrees with the observed saturation and explains most naturally why the planar phase displays no adhesion even though its mean spacing is indistinguishable from the equilibrium spacing of adhesion in the curved regions. The apparent absence of a dependence of o-on r i.e. on the position of the membrane in the multilayer system, seems to be another consequence of self-limitation. 4 (9) is a good approximation may be a few times the membrane thickness of ca. 3.6 nm because of the effect of the very large dielectric constant of water on the zerofrequency term [27] . To take account of the finite membrane thickness b, equation (9) is often replaced by the ansatz resulting from the integration of molecular interactions. This energy goes with 1 /z4 for large z, as it should, but does not reflect the enhanced range of (9). Marra and Israelachvili [4] who measured for lecithins a particularly small value of the Hamaker constant (H = 1.3 x 10-14 erg instead of the more typical 7 x 10-14 erg) also located the plane of origin of the van der Waals interaction (9) ca. 0.5 nm in front of the theoretical position calculated for flat interfaces, which is equivalent to an increase of the membrane thickness by 1 nm. To improve agreement of theoretical and actual van der Waals interaction Attard et al. [28] recently treated the region of the polar heads as a third layer besides lipid and water. The last term of (8) , ges, represents electrostatic repulsion between charged bilayers. For fixed surface charge density it varies as In (z/zo ) at small enough spacings (ideal gas approximation ; zo is a reference spacing) and as 1 /z for larger spacings [12, 29] . Electrostatic repulsion generally drops with smaller powers of 1 /z than van der Waals attraction and undulatory repulsion (see below), but eventually it is cut off by Debye-Hückel screening. As the polar head of the lecithin molecule is zwitterionic in pure water, any appreciable surface charge would have to be due to ionic impurities in the membrane or the water.
We discard the possibility of electrostatic interaction in our samples for the following reasons. No signs of an electrostatic effect were noticed in the study of symmetric adhesion [ 11 ] which covered a wider range of tensions than do our data. In particular, the contact angles did not depend on the origin of the egg lecithin and were the same when salt solution was used instead of pure water, as could be checked up to 0.1 M NaCl. Moreover The only steric interaction of fluid membranes that is known to date arises from the mutual hindrance of their undulations. For a stack of membranes regarded as a smectic liquid crystal, the energy of undulatory interaction per unit area of membrane was calculated to be [5] Here k is Boltzmann's constant, T the temperature, K the bending rigidity of the membrane, and z the mean spacing between membranes. Equation (11) is based on the hypothesis that the direct interaction is that of a hard-core potential at the membrane interfaces. The numerical factor in equation (11) has been confirmed [17, 18] within experimental accuracy (ca. 20 %) by X-ray studies of multilayer systems of very flexible membranes ( K ~-kT).
The direct interaction of membranes can in general not be approximated by a hard-core potential. So the question arises if the total interaction may be expressed, to a reasonable approximation, by putting z = z and adding direct and undulatory interactions. Whether or not superposition is acceptable as an approximation depends mostly on the power ( 1/z )n to which an attractive direct interaction is proportional in the range of spacings swept by the undulations. Lipowsky and Leibler [6] have shown that superposition must not be used to calculate equilibrium spacings whenever n &#x3E; 2, i.e. when direct attraction falls off more rapidly than undulatory repulsion. Assuming a direct interaction consisting of hydration forces and the van der Waals potential (10) with its 1 /z4 tail, and employing a renormalization group method, they predicted for a pair of membranes a continuous unbinding transition if the Hamaker constant is lowered to a critical value. The same transition would be discontinuous, the spacing jumping from a finite value to infinity, if superposition were applicable.
In order to decide whether to expect spontaneous adhesion or separation and afterwards to deal with the effect of lateral tension, we consider in the following the simplified case of « ideal competition » between direct and undulatory interactions, expressing the former solely by the half-space approximation (9) of van der Waals attraction. Since this attraction varies as 1 /z 2, we may hope its superposition with undulatory interaction to be (marginally) correct. Adopting superposition, we write for the total interaction in the absence of tension Here Hc is a critical Hamaker constant denoting in the case of ideal competition the limit between total separation (H Hc) and total collapse (H&#x3E;-Hc) of the membranes. Apart from a numerical factor not too far from unity we may expect for the stack, because of (9) [11] . Likewise, the criterion obtained by Lipowsky and Leibler [6] in their renormalization group calculation permits no decision. This is even more so if the theoretical uncertainties of the two methods are taken into consideration.
The effect of lateral tension on undulation forces is treated as elsewhere [9, 10] by means of an independent-membrane-piece approximation. The approach starts from the mean-square undulation amplitude of, say, a hexagonal piece of single membrane of area S, which is independent of (T for or « K 7T 2/S. The plaquette size S is chosen such that the undulations just fill the interval between adjacent membranes. For a stack of mean spacing z we may put as was done for the unstressed membrane between rigid plates [5] . Eliminating (u2) between (14) and (15) yields The undulation pressure could now be calculated very directly, but with a poor numerical factor, by treating each piece of size S as an independent particle of a one-dimensional ideal gas in an interval of width 2 z.
We prefer to multiply the undulation forces deriving from (11) (17) may also be obtained by equating guna of (11) and the total stretching energy per unit area of a freely undulating membrane [9, 11 ] (4) ill und = -0.14 dyn cm -2. According to (5) , the pressure difference compensating this inward force density produces the tension a = 1.4 X 10-4 dyn cm-I for r = D /2 and progressively smaller values towards the center of the sample, the average being 0.7 x 10-4 dyn cm-1. If correction is made according to (6) for the contact angle 03C8 --, 70°, the tensions ai of the membranes where they are single come out three times larger than these numbers, the average being 2 x 10-4 dyn cm' 1. How to extract from the experimental data an approximate value for the tension in the absence of self-limitation ? The measured tension also at feq = 10 nm is near 1 x 10-4 dyn cm-1 (see Fig. 11 ). Obtained at -I1T:3= 20 °-C, it is probably close to the saturation value. The tension at à T = -10 ° C is unknown (and unmeasurable), but it cannot be much less than 1 x 10-4 dyn cm-1 1 since there is still induced adhesion. On the other hand, it cannot be more than a few times below what it would be in the absencè of self-limitation because in order to obtain phase separation the temperature has to be lowered by at least a few °C We may infer that the repulsive forces in the tension-free planar phase differ from the undulation forces derived from (11) by no more than a factor of three. Since Afund and the tension calculated from it are essentially proportional to 1 /z 2 like the measured tension, it is enough to do this comparison of theory and experiment for a single spacing.
An intermembrane repulsion about equal to the theoretical strength of undulation forces agrees with our earlier, completely different determination of the repulsive forces at very large membrane spacings [12] . There is also a purely theoretical argument suggesting a lower limit of ca. (1/4) gund to the total repulsive interaction before the membranes collapse with a further increase of the Hamaker constant [7] . It is based on the fact, noted by Lipowsky [30] , that the renormalization group flow equations of two-dimensional membranes with a bending rigidity are identical to those of one-dimensional interfaces with a line tension. Since the distribution function of the linear interface can be obtained by solving a Schrôdinger-type equation and squaring the wave function, the same procedure may be expected to give adequate results in the case of membranes. Long-range 1 /z2 attraction has been considered for one-dimensional interfaces in the context of wetting transitions [31] . These reservations concerning the validity of (22) do not apply to the proportionality a -1 /ze q at fixed (He -H)/ He which also follows from general arguments [11] similar to those leading to (17) .
However, the theoretical predictions as well as the measurements of the repulsive forces are clearly in conflict with the foregoing conclusion that all but 0.1 % of undulatory repulsion is compensated by van der Waals attraction. In other words, they do not allow for an explanation of the surprisingly small equilibrium spacing at a given tension.
A similar and probably related discrepancy by more than a factor of 100 was noticed in the study of symmetric induced adhesion of a pair of membranes [11] . Being linked to the largeness of the contact angles, it also exists in the present data concerning the adhesion of a single membrane to a stack of others. To show this, we write down two formulas for the adhesion energy per unit area, ga. One of them is the Young equation for interfaces relating the adhesion energy to the tension of the single membrane where it is free and to the contact angle. The other equation, links the adhesion energy to the energies per unit area of stretching the free membrane, gf(o,f), and the membranes in the stack, gb(Ub). In the latter case, the membranes are thought to be always at their equilibrium spacing as it goes from infinity to some finite value (we omit here boundary effects for the outermost membranes). Evidently, gb(0-b) must not be negative in the absence of spontaneous adhesion, which entails the inequality Putting f/1 = 70° in (24) leads to ga = (2/3) uf. On the other hand, substituting the linear term of (18) for gf( af) in (25) and inserting kT = 4 x 10-14 erg as well as K = 1 x 10-12 erg yields ga : 1.6 X 10-3 (T. The conflict between the two results for ga is far beyond any experimental error. Like all other equations invoked as yet, (23) and (24) are founded on the tacit assumption that the area absorbed by out-of-plane fluctuations is no more than a few per cent of the projected area, in accordance with the predictions of undulation theory [9, 11 ] . 4 .4 CONJECTURE OF A NEW MEMBRANE ROUGHNESS. -There seems to be no obvious way of resolving the two glaring contradictions inherent in the interpretation of our data. They are the more disturbing as the same data are consistent with two scaling laws that seem to follow from undulation theory, Z;q '-1 Io, and 9, -u. The latter is revealed by the constancy of the contact angle and was studied systematically for symmetric adhesion [11] . It is a consequence of the former and of gf -af. Abondoning the simplified model of ideal competition which leads to the scaling laws does not remove the contradictions. They are contained in the set of data belonging to a single mean spacing or lateral tension. As a consequence, we are forced even more than before [11] (18) . Because We hasten to point out that the derivation of (26) (26) , to consume most of the reservoir by pulling the membrane flat. Some pictures obtained in transmission electron microscopy hint at least at a novel roughness of lecithin bilayers [32] . Also, a theory has been proposed to explain the suspected warping of the membranes, conjecturing highly localized and cooperative saddle deformations in the bilayer [33] . Lecithins abound in biological, especially animal, membranes. It has already been speculated [11] that from an engineering point of view nature, which has selected lecithin, may prefer large contact angles of induced adhesion as they allow large contact areas. Even larger angles have been found to characterize the induced adhesion of two other biological model membranes, namely bilayers of phosphatidylethanolamines [34] and of a natural digalactosyldiacylglycerol [35] . In 0.1 M NaCI solution instead of pure water, the latter membranes display spontaneous adhesion at low temperatures and an unbinding transition when the temperature is raised [35] . The egg lecithin multilayer systems described in the present paper can also be utilized to reproducibly generate multiply self-connected membranes, i.e. sponges or lattices of passages [36] .
